Abstract. After intravenous glucose/insulin infusion there is an increase in oxygen consumption and energy expenditure that has been referred to as thermogenesis. To examine the contribution of the beta and alpha adrenergic nervous system to this thermogenic response, 12 healthy volunteers participated in three studies:
Introduction
After the ingestion or intravenous administration of nutrients, there is an increase in oxygen consumption and energy expenditure ( [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] that has been referred to as "nutrient" or "dietary" induced thermogenesis. This thermogenic response to food occurs after protein, fat, and carbohydrate feeding (1-13) and has been described in man (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) as well as in animals (14) (15) (16) . However, the physiologic mechanism(s) responsible for this thermogenic response have not been clarified.
A variety of factors could potentially contribute to the increase in energy expenditure that accompanies insulin/glucose administration: (a) the cost of glucose conversion to glycogen (13, 17) , (b) recycling of glucose to three carbon compounds and back to glucose or glycogen (17) (18) (19) (20) , (c) the cost of glucose conversion to lipid (17) , (d) stimulation of the Na-K ATPase pump located in the cell membrane (21) , (e) activation of the sympathetic nervous system (1, (22) (23) (24) (25) (26) (27) (28) (29) , and/or (f) other, as of yet unidentified, factors.
Previous studies have shown that both norepinephrine (30) and epinephrine (31) will cause an increase in oxygen consumption and energy expenditure. When glucose is ingested or infused intravenously, the sympathetic nervous system is activated (1, (22) (23) (24) (25) (26) (27) (28) (29) . Therefore, it is possible that a significant portion of the thermogenic response results from stimulation of sympathetic nervous system activity. In the present study we have used the euglycemic insulin clamp and indirect calorimetry techniques, in combination with beta (propranolol) and alpha (phentolamine) adrenergic blockade, to examine the contribution of increased sympathetic nervous system activity to the increase in energy expenditure that occurs after insulin/glucose infusion. Tables, 1959) ranged from 81 to 115% (mean = 102±3%). Their mean height and weight were 175±2 cm and 70.5±3.2 kg, respectively. None of the subjects had any family history of diabetes mellitus and none was taking any medication. All participants were consuming a weight-maintaining diet that contained at least 250-300 g of carbohydrate per day for 3 d before each study. Before their participation, the nature, purpose, and risks of the study were explained to all subjects and their voluntary consent was obtained. The experimental protocol was approved by the human investigation committees ofthe Department ofMedicine ofthe University ofLausanne, Switzerland, and the Yale University School of Medicine, New Haven, CT.
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Experimental protocol. All studies were performed in the recumbent position at 8:00 a.m. after a 10-12-h overnight fast. A Teflon catheter was inserted into an antecubital vein for the infusion ofall test substances. For blood sampling, a second catheter was inserted retrogradely into a wrist vein and kept patent with an infusion of isotonic saline. The hand was then inserted into a heated box (700C) to achieve arterialization of the venous blood (32) . 45 min before beginning the insulin clamp studies, or before beginning the propranolol/phentolamine infusion, continuous respiratory exchange measurements were begun and continued throughout the duration of the experimental protocol.
Subjects participated in the following four protocols. Study one: After a 45-min period ofcontinuous respiratory-exchange measurements, all 12 subjects received a 2-h euglycemic insulin clamp study as described below. Indirect calorimetry measurements were continued throughout. Study two: In the same 12 subjects, after 45 min of respiratory-exchange measurements, propranolol was infused intravenously for a period of 3 h. Propranolol was administered intravenously as a prime (200 ,ug/kg over 20 min)-continuous (80 ,g/min) infusion. 1 h after beginning the propranolol infusion, a 2-h insulin clamp study was performed. Study three: In six subjects after 45 min of continuous respiratory-exchange measurements, propranolol was infused for 3 h, as in study two. These six subjects served as time controls for the effect of propranolol. Study four: In nine subjects who participated in study one, after 45 min of respiratory-exchange measurements, phentolamine was administered as a prime (70 pg/kg over 5 min)-continuous (7 gg/kg-min) infusion. 1 h after starting the phentolamine infusion, a 2-h insulin clamp study was performed. In four of the nine subjects the study had to be discontinued during the initial 60-min period of phentolamine alone or during the first 30 min of the insulin clamp/phentolamine period because of severe nasal stuffiness, which resulted in difficulty in breathing within the hood. All four of these subjects had a significant increase in respiratory rate and asked to have the study stopped. The other five subjects experienced little or no nasal stuffiness and had no difficulty breathing.
There was no increase in their respiratory rate. Other than nasal stuffiness and breathing difficulty, none of the nine subjects had any other symptoms or complaints. Consequently, in only five subjects could the effect of phentolamine on insulin-mediated glucose metabolism be evaluated.
Euglycemic insulin clamp. After base-line respiratory-exchange measurements, a 2-h euglycemic insulin clamp study was performed as previously described (33). Briefly, a prime-continuous (1 mU/kg * min) infusion of crystalline porcine insulin was administered to acutely raise and maintain the plasma insulin concentration by -100 uU/ml. The plasma glucose concentration was held constant at basal preinfusion levels by determination of the plasma glucose concentration every 5 min and periodically adjusting a variable 20% glucose solution based on a negative-feedback principle (33). In subjects who participated in repeated studies, the subsequent studies were performed 1-3 wk after the initial one. Each insulin clamp study lasted for 120 min.
Respiratory exchange measurements. During the 45-min control period and throughout the 2-h insulin clamp studies, substrate utilization rates were determined by computerized open-circuit indirect calorimetry using a ventilated hood as previously described (12) . The nonprotein respiratory quotient (NPRQ)' was calculated from calorimetric values and urinary nitrogen (34) . Estimation of carbohydrate (CHO) oxidation rate was obtained by using the table of Lusk (35) for NPRQ, which is based on 0.707 respiratory quotient for 100% fat oxidation and 1.00 for 100% CHO oxidation. The quantity of urinary nitrogen excreted during the study period was used to obtain an index of the amount of protein oxidized, assuming that protein oxidation was relatively constant. It should be noted, however, that this assumption does not substantially affect the calculation of CHO oxidation (36) . Lipogenesis from CHO does not invalidate calculation of CHO and lipid oxidation (37) . The coefficients of variation of NPRQ and CHO oxidation rates were measured over five consecutive days and were 1.0 and 5.0%, respectively.
Analytical procedures
Plasma glucose concentration was determined in duplicate by the glucoseoxidase method on a Beckman glucose analyzer II (Beckman Instruments, Inc., Fullerton, CA). Plasma immunoreactive insulin was determined by radioimmunoassay with talc to separate bound from free insulin (38) . Urinary nitrogen was measured by the method of Kjedhal (39) .
Plasma catecholamines were measured by radioenzymatic assay as previously described (40) during the control insulin clamp and the propranolol/insulin clamp studies.
Data analysis
During the 120-min insulin clamp study the glucose infusion rate was calculated at 20-min intervals. For data presentation, the mean of the three 20-min values from 60 to 120 min is given. Hepatic glucose production was not determined in the present studies. However, it has been previously shown that in normal subjects infusion of insulin at a rate of >1 mU/kg min (plasma insulin levels of -100 MU/ml) suppresses hepatic glucose production by >90-95% (41). Suppression of hepatic glucose production by insulin is not affected by concomitant propranolol infusion (42) . Therefore, under the steady state conditions ofeuglycemia used in the present protocol, glucose uptake must be approximately equal to the rate of exogenous glucose infusion.
The glucose oxidation rate was calculated from calorimetric measurements for 5-min intervals during the basal state, after propranolol or phentolamine infusion, and throughout the 120-min insulin clamp period. Nonoxidative glucose uptake (called "glucose storage" in our previous publications) was calculated by subtracting the rate of glucose oxidation during a given time period from the total rate of glucose uptake during the same time period. Presented values for glucose oxidation, total body glucose uptake, and nonoxidative glucose disposal represent the mean for the 60-120-min time period ofthe insulin clamp. To calculate steady state plasma glucose and insulin concentrations during the insulin clamp, the mean of values (every 5 min for glucose and every 10 min for insulin) from 60 to 120 min were used. The mean values during the 60-1 20-min time period were chosen to allow insulin to more fully exert its biologic effect. The values for glucose metabolism during propranolol or phentolamine infusion before beginning the insulin clamp represent the entire 60-min period. The equations for the calculation of energy expenditure and substrate oxidation rates have been 1. Abbreviations used in this paper: CHO, carbohydrate; NPRQ, nonprotein respiratory quotient.
presented in detail in a previous publication (43) . Insulin/glucose-induced thermogenesis was calculated from the difference between the energy expenditure during the 60-120-min period of the euglycemic insulin clamp and the basal energy expenditure. The increment in energy expenditure (kilocalories per minute) was then divided by the energy infusion rate (kilocalories per minute). The rate of energy infusion was calculated from the product of the glucose infusion rate (grams per minute) and 3.75 kcal/g of glucose infused. This value is multiplied by 100 to express glucose-induced thermogenesis as a percentage of the rate of the energy infused.
All data are presented as the mean±SEM. Statistical comparisons were performed by unpaired or paired t test analysis where appropriate. Coefficients of variation were determined by standard formulae.
Results
Plasma glucose and insulin (Table I ). The mean fasting plasma glucose concentration (88±2 mg/dl) was similar in all three study protocols. During the 60-min infusion of propranolol or phentolamine alone, the plasma glucose concentration did not change significantly from the fasting value. During the last 60 min of the control insulin clamp, the propranolol/insulin clamp, and the phentolamine/insulin clamp studies the steady state plasma glucose values were 86±2, 86±2, and 85±3 mg/dl with coefficients of variation of 2.5±0.3, 2.6±0.5, and 2.6±0.2%, respectively. The fasting plasma insulin concentration was similar in all four groups and averaged 9±2 gU/ml. After 1 h of propranolol infusion (study two), the plasma insulin concentration remained unchanged, 9±2 ,U/ml. Phentolamine infusion had no effect on the fasting insulin (10±2 MtU/ml) level (study four). During the 60-1 20-min period of the control (study one), propranolol (study two) and phentolamine (study four) insulin clamp studies, the mean steady state plasma insulin concentrations were 93±8, 92±8, and 99±16 ,U/ml with coefficients of variation of 10.1±0.9, 8.9± 1.0, and 10.2±0.9%, respectively. In study three, after 3 h of propranolol infusion the plasma insulin concentration decreased slightly from 8±1 to 7±1 /AU/ml.
Glucose metabolism and energy expenditure (Tables I and   II) . During the control insulin clamp study, the total amount of glucose taken up by the entire body averaged 7.85±0.47 mg/ kg min (Table I) .07 kcal/min). Phentolamine had no effect on total glucose uptake, glucose oxidation, or nonoxidative glucose disposal (Table I) . When phentolamine was infused alone for I h before starting the insulin clamp, there was a small but statistically insignificant increase in basal energy expenditure (0.99±0.06 to 1.05±0.08, P = 0.07). During the last hour of the phentolamine/insulin clamp, energy expenditure 
5.92±1.05
All values represent the mean±SEM for the 60-120 min time period. n refers to the number of subjects in each group. * Calculated as the difference between total body glucose uptake and total glucose oxidation. t P < 0.02 compared with the control insulin clamp study. § P < 0.01 compared with the control insulin clamp study. rose to 1.17±0.09, P < 0.02 vs. both basal and phentolaminealone periods (Table II) . This increase may have occurred secondary to an unopposed beta adrenergic stimulatory effect that resulted from the alpha adrenergic blockade. Glucose/insulininduced thermogenesis was not affected by phentolamine infusion, 4 .98±1.54 vs. 5.75±0.52% (Table II) . Basal lipid oxidation (0.86±0.1 1 mg/kg. min) declined by 68% to 0.33±0.08 mg/kg min during the control insulin clamp study. When propranolol was infused with insulin the decline in lipid oxidation was slightly but significantly less (0.50±0.07 mg/kg min, P < 0.02). Protein oxidation during the insulin clamp was similar with (0.65±0.04 mg/kg min) and without (0.66±0.05 mg/kg min) propranolol. Basal lipid oxidation (0.75±0.20 mg/kg min) was unaffected by phentolamine (0.74±0.15 mg/kg min). The decline in lipid oxidation was similar during the insulin clamp studies performed with (0.42±0.19 mg/kg. min) and without (0.42±0.16 mg/kg. min) phentolamine. Protein oxidation during the control and phentolamine insulin clamp studies was similar (0.53±0.06 vs. 0.54±0.07 mg/kg min, respectively).
Plasma catecholamine concentrations. Basal plasma norepinephrine, 216±12 pg/ml, and epinephrine, 38±5 pg/ml, did not change significantly during the 2-h euglycemic insulin clamp study (Table III) . When propranolol was infused alone for 1 h before starting the insulin clamp neither plasma epinephrine nor norepinephrine levels changed. During the insulin clamp study performed with propranolol there was a small increase in plasma epinephrine (56±5 vs. 38±7, P < 0.05); plasma norepinephrine remained unchanged.
Discussion
After the ingestion or infusion of glucose there is an increase in energy expenditure that has been estimated to represent 5-10% of the energy content of the administered glucose load (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) . Under the present experimental conditions of euglycemic hyperinsulinemia (-100 IAU/ml), the increment in energy expenditure above postabsorptive values averaged 0.10±0.01 kcal/ min, from which it can be calculated that glucose/insulin-induced thermogenesis was 4.9±0.5%. This agrees well with previously published results in which glucose/insulin-induced thermogenesis was found to range from 5 to 10% (1, 3, 4, 7, 8, (10) (11) (12) (13) . Of particular note in the present study was the ability ofpropranolol, a nonselective beta adrenergic blocking agent, to inhibit the rise in energy expenditure (0.03±0.01 kcal/min, P < 0.001) and glucose/insulin-induced thermogenesis (1.5±0.5%, P < 0.001). Since infusion of propranolol for 3 h had no discernible effect on basal energy expenditure, it can be assumed that its inhibitory effect on thermogenesis is linked to some aspect of insulinstimulated cellular metabolism.
It is well known that both insulin and glucose administration will lead to an increase in muscle and liver glycogen content (44) (45) (46) (47) (48) (49) . When glucose is converted directly to glycogen, a finite amount of energy must be expended (17) . If one makes the assumption that all ofthe glucose that is not oxidized is converted to glycogen, one can calculate the theoretical energy cost of this process by multiplying the rate (milligrams per minute) of"glucose storage" (i.e., nonoxidative glucose uptake) by the value for the energy cost of glucose storage as glycogen (0.20 kcal/g). This latter value can be estimated by multiplying the energy released during the complete combustion of 1 g ofglucose (3.75 kcal/g) by 5.3%. The 5.3% figure is derived from the ratio of the number (n = 2) of ATP moles consumed in glycogen synthesis to the number (n = 38) of ATP moles produced during the complete combustion of one mole of glucose (17) . (54) , it is tempting to speculate that beta adrenergic blocking agents might have the opposite effect. If so, it is at least plausible that part of the decrease in energy expenditure observed with propranolol could be due to a decrease in insulin-stimulated glucose recycling.
During the insulin clamp some of the infused glucose must be converted to lipid (55) . This process is associated with a high energy cost (24% of the glucose energy content as opposed to 5 .3% for glucose conversion to glycogen) (17) . If propranolol were to decrease the conversion of glucose to lipid and proportionately augment the flux ofglucose to glycogen, the increase in energy expenditure also would be blunted without any change in total nonoxidative glucose uptake. From a purely quantitative standpoint, however, such an explanation is unlikely to account for the decrease in energy expenditure since Bjorntorp et al. (55) (56) (57) (59, 60) . In contrast alpha adrenergic agonists and antagonists have no effect on thermogenesis by brown adipose tissue (59) .
In the present study we also examined the role of the alpha adrenergic nervous system in glucose/insulin-induced thermogenesis by repeating the insulin clamp studies in combination with phentolamine in five subjects. Under conditions of euglycemic hyperinsulinemia, phentolamine had no effect on total glucose uptake, glucose oxidation, or nonoxidative glucose disposal (Table I) . During the first hour after phentolamine infusion there was a small, but statistically insignificant increase in energy expenditure. During the 60-120-min period ofthe insulin clamp/ phentolamine study, energy expenditure increased to 1.17 kcal/ min. Whether the increment in energy expenditure above base line is calculated from the prephentolamine period (0.18 kcal/ min) or from the phentolamine period (0.12 kcal/min), it is clear that alpha adrenergic blockade did not inhibit the thermogenic response to glucose/insulin infusion (Table II) .
In summary, the present results demonstrate that combined glucose/insulin infusion enhances oxygen consumption and energy expenditure in healthy subjects. This thermogenic response is largely blocked with the beta adrenergic antagonist propranolol and is unaffected by the alpha adrenergic antagonist phentolamine. These results are consistent with animal studies (59, 60) and suggest that the thermogenic response to glucose/insulin is mediated, in part, via the beta adrenergic receptor.
